This paper discusses experimental techniques and considerations associated with the transition to high repetition-rate experiments in High Energy Density Physics (HEDP). We particularly highlight approaches to experimentation that become practical only at a threshold of repetition rate. We focus on the transition from operation at several-shots-per-day towards operation in the range of 1/min. to 1 Hz.
I. INTRODUCTION
A new generation of high-repetition-rate (HRR) lasers are being proposed and developed for use in the field of High Energy Density Physics (HEDP) and beyond [1] [2] [3] [4] .
While the highest energy facilities may always necessarily operate at low shot rates, these facilities can now be complemented by high repetition rate lasers that achieve similar intensities at lower energies and shorter pulse lengths.
The ability to conduct experiments at HRR enables new types of experimental designs to collect large multidimensional, high-statistic datasets. These datasets are ideal for the development and application of machine learning [5] and statistical techniques [6] . Large sample sizes also enable the stochastic study of complex nonlinear systems (e.g. turbulence) and rare or lowsignal events. A successful transition to high-repetitionrate HEDP experiments provides many new experimental modes which can be leveraged to answer many sorts of scientific questions and to prototype real-world applications requiring high-average-power [7] [8] [9] [10] [11] . Conducting these types of experiments will require the use of next-generation targetry, detector technology and data acquisition systems. In addition, new data analysis techniques, and experimental logistics must be developed and adopted.
This paper comprises a high-level discussion of the experimental techniques and challenges associated with the transition from low repetition rate (LRR, several shots/day) HEDP experiments towards experiments at high repetition rate (HRR, 1/min. to 1 Hz). The authors each have several years of experience with successful planning and execution of HEDP experiments in this repetition-rate range.
While the information in this paper is tailored to HEDP experiments with repetition rates between 1/min. and 1 Hz, much of it is applicable to much higher repetition rates. However, additional problems that may arise in HEDP experiments faster than ∼1 Hz, observed by the authors and also in the literature in ∼1 kHz systems (e.g. environmental interference between shots, synchronization of single-shot data, network-limited data pipelines) are outside the scope of this paper. We also will not attempt to motivate specific science experiments or applications, nor to give a survey of the areas of physics research which will be enhanced by the next generation of high-repetition-rate lasers. See for example the National Academy of Science report on bright light [12] or some sections of the Extreme Light Infrastructure whitebook [13] .
Our aim in this paper is to stimulate HRR work in the area of HEDP by providing an overview of the possible design space and technology, both currently available and under development. We will discuss relevant considerations for HRR HEDP experiments in the areas of targets, detectors, experimental approaches, and data analysis.
II. TARGETS
For a LRR system, targets are typically designed and built on a one-off basis. For ≤1/min. systems, simple targets (e.g. foils, solids) may be prepared ahead of time, with a fresh surface being presented before each shot. However, more complicated targets must be fabricated at repetition rate. The target fabrication itself must fit in or near the chamber, be fast, and be automated. Researchers have developed and are actively exploring approaches suitable for high-repetition-rate operation. An excellent review of the state-of-the-art in high-repetitionrate target development for HEDP is found in Prencipe et al. [14] .
A high repetition rate cannot be maintained if the target mechanism is destroyed after a shot. As energies increase, it will become necessary to design target mechanisms that either operate at sufficient distance from or can survive the explosions typical of HEDP experiments. This distance can depend strongly on laser energy and intensity and target constituents, usually on the few mm scale for conditions mostly likely to be seen in near-future HRR facilities (< 100 J, > 10 20 W/cm 2 ) [15, 16] . Finding ways to create complex target geometries and structures "on-the-fly" will also be important for future experiments, and innovations in this area is a major opportunity for growth. As with targets at lower rep rates, long pulse lasers can be used to shape and "assemble" the target further in the moments before the main ex-periment [17] . This and other techniques (e.g. applying external magnetic fields, adding high-density nanoparticles to a low-density fluid, structuring gas target nozzles [18] , or colliding multiple high-speed liquids to create interesting geometries [19] ) can help add complexity to high-repetition-rate targets.
While the development of HRR target formation, alignment, and protection from fratricide (target quality reduction or full destruction by laser interaction with its neighbor) is critical to next generation laser applications, it also progresses the related area of intensity contrast enhancement via plasma mirror interaction. Here the laser is focused onto a sacrificial optic region such that unwanted pre-pulses transmit while the main pulse is of sufficient fluence to create a plasma that reflects the remainder of the light. Energy is lost in this process, and plasma mirror development has progressed at the single-shot level by improving their efficiency (a figure of merit is 1-2 orders of magnitude reduction in pre-pulse level at the cost of between 50-90% energy reflection) and the quality of the reflected beam. HRR plasma mirrors present similar challenges to targets but have similar solutions, and some demonstrations exist that could reasonably scale to the 1 Hz scale [20, 21] . Critically, HRR plasma implementation could serve dual purposes by improving laser contrast while also redirecting the preponderance of target debris away from expensive target chamber optics.
Types of target systems with demonstrated application at high-repetition-rate laser facilities include flowing gases [22] [23] [24] , flowing liquids [25] [26] [27] [28] [29] , microfluidic target assembly [30] , static liquid films [31, 32] , cryogenic liquids [33] and solids [34] , pre-assembled-target droppers [35] , and motorized/rastered targets (e.g. tape-drive targets [36] , spinning disks [37] , and rotating cylinders [4] .)
At HRR the contribution of target material from previous shots to the vacuum environment can be nonnegligible. Depending on the repetition rate, it may still be possible to remove most of this material in between shots with a sufficiently powerful vacuum system. However, experiments at very high repetition rates (> 1 Hz) will likely be performed in a steady-state equilibrium environment that includes gaseous target material. Ensuring that shots are reproducible under these conditions will require careful monitoring and managing of the gas partial pressures in the chamber throughout the experiment. Shots prior to the establishment of equilibrium, either at the beginning of a run or immediately after a change of targets, should be discarded.
III. DETECTORS
Currently, many HEDP diagnostics are designed under the assumption that the laser repetition-rate is the limiting factor on the repetition-rate of an experiment. As such, analog detectors have been utilized due to their high-dynamic range, compactness, and sensitivity, without adversely affecting the experimental data acquisition rate.
Modern alternatives to traditional analog detectors, which cannot operate at HRR, are fast digital detectors. Digital detectors have two extremely useful features that cannot be matched by their analog counterparts: they can be used repeatedly shot-after-shot and they afford the possibility of real-time feedback to the experimenter.
Sometimes, appropriate digital detectors are commercially available; for example, in the case of a highrepetition-rate-ready optical spectrometer. However, because HEDP experiments often have exotic detector requirements, many times we must develop our own customized scientific equipment. Detector designs for highrepetition-rate HEDP often include conversion of nonelectrical, non-optical signals into electrical or optical signals usable by fast digitizers and digital cameras.
When no suitable alternative to low-repetition-rate detectors can be found, the operational mode of an experiment may still be improved to leverage high repetitionrate. One may think that the experimental repetitionrate must be limited by its slowest detector, but this is not necessarily true. Experimenters may, for example, choose to use digital diagnostics to adjust inputs and find a certain condition, then expose an image plate for several shots under that "optimal" condition. This may be a way to bridge into a future where we have created digital implementations of the entire suite of HEDP diagnostics.
An advantage of HRR experiments is that, under certain experimental circumstances, diagnostics can be aligned during full-energy shots with real-time feedback. For example, the positioning of a pinhole could be adjusted to optimize the actual measured signal. Utilizing this capability could allow complex diagnostics to be prepared more quickly.
A. Optical Diagnostics
Many HEDP diagnostics ultimately rely on an optical detector (eg. camera, diode). Fortunately, digital photon detectors such as fast-gated CCDs, streak cameras, and framing cameras [38] capable of operating at rates much greater than or equal to 1 Hz are already commonplace in HEDP experiments. These diagnostics would require relatively little modification to transition to HRR.
B. Particle Diagnostics
Low repetition rate HEDP experiments commonly use radiochromatic film, image plates, and CR39 plates to record particle fluxes. However, retrieving these plates after shots typically requires venting the target chamber, which is not feasible at high repetition rates. Further, currently existing processing and scanning techniques for these plates have extremely limited throughput, such that scaling them to high repetition rates is untenable.
Installing a few of these detectors at a time in the chamber may allow high repetition rate operation for a few seconds or minutes, but would result in a much lower day-averaged shot rate.
A few examples showcasing the variety of approaches to digital ion detectors are found in [39] [40] [41] [42] [43] [44] . Although the quality and availability of HEDP-relevant digital detectors is increasing, the features that make certain analog detectors popular in HEDP are not easily replicated in a digital fashion. Capturing salient features of radiochromic films, image plates, and CR39 with digital detectors is an area that requires substantial innovation.
C. Other Diagnostics
Physical probes are typically not an option for HEDP experiments (due to extreme conditions), but may be applicable to non-HEDP experiments performed using an HRR facility. Antennas and electrical probes can directly measure magnetic and electric fields in low-density plasmas with no limitation on repetition rate [45] . Another technique occasionally used at LRR is post-shot chemical analysis of either the residual gases in the vacuum chamber or material deposited on a witness plate. This technique would be difficult to operate at HRR, but could be applied to a selective subset of shots.
IV. EXPERIMENTAL APPROACHES
High-repetition-rate facilities are capable of experimental approaches entirely outside the range of methods developed and refined for several decades at severalshots-per-day facilities. This section defines and illustrates several categories of experimental approaches well suited to high-repetition-rate HEDP.
A. Parameter Scan
Input parameters can be changed a large number of times in a single high-repetition-rate experiment. Scans can vary either or both the experimental parameters (e.g. varying the thickness of a target) or the detector settings (e.g. camera timing) to assemble multi-dimensional datasets. We will describe three types of parameter scans that may be found useful in future HEDP experiments, with hypothetical and concrete examples of each.
Sequenced Parameter Scan
A pre-sequenced, organized sweep over several values of one (or several) parameters can provide a systematic 1D (or N-D) mapping of a parameter space.
Examples of a sequenced parameter scan:
• Incrementally adjusting delay time of either a diagnostic or a secondary backlighter laser to create a high-framerate movie with each frame being a proton radiograph [46] .
• Translating a thin sheet target through best laserfocus, to map out the effect of laser intensity on particle acceleration. (Cf. Fig. 3 
of Morrison et al. [42])
• Translating the entrance pinhole of a spectrometer in two dimensions to create an energy-resolved image.
• Repeating time-resolved spectrographic measurements at successive wavelength bands to obtain a time-resolved spectrum.
Stochastic Parameter Scan
A stochastic parameter scan explores a wide set of input conditions to statistically sample the parameter space. Unlike a sequenced parameter scan, inputs are not necessarily varied systematically or in a sequence. Sparse random sampling of a wide multidimensional parameter space may be useful in machine learning and/or testing statistical models.
Examples of a stochastic parameter scan:
• Embracing large random timing jitter between pump and probe pulses, then sorting results postfacto by delay time to resolve temporal dynamics. (Cf. Wilk et al. [47] .)
• Creating a dataset with laser-A energy, laser-A focal spot size, laser-B energy, laser-B focal spot size, relative timing, pulse shape, pulse duration, target position, electron spectrum, plasma density, and plasma temperature. Computing Pearson coefficients between values in this dataset. (Cf. Fig. 6 of Noaman-ul Haq et al. [36] for an example with fewer variables.)
Optimization Search
An optimization search has the goal of minimizing, maximizing, or setting outputs to a certain values. This is achieved by adjusting input parameters while observing output values in real time. It might involve, for example, a binary search to narrow in from above and below a target output value.
Examples of an optimization search:
• During experimental setup of a pump-probe proton radiography experiment, dynamically adjusting the TNSA-target thickness to achieve a specific proton spectrum.
• Searching for the critical pressure of a phase transition.
B. Building Statistics
While the methods in the prior three sub-sections relied on variation of experimental inputs, the methods in the next three sections rely on building statistics by performing many experimental trials with identical inputs. We outline and give examples of three distinct and complementary approaches.
Characterization of Fluctuation
The characterization of a stochastic plasma physics dynamics becomes possible in high-repetition-rate experiments. One can explore and/or quantify the range of outputs that occur while retaining nominally fixed inputs.
Examples of characterization of fluctuation:
• Performing standard deviation analysis of a proton spectrum created by TNSA.
• Categorizing shadowgraphic images of plasma blowoff that vary due to small fluctuations in laser spatial mode.
• Studying laser absorption in nanoparticles by recording a single nanoparticle explosion per shot, over many shots with varying features (cf. Hickstein et al. [48] , especially Fig. 4) • Performing statistical analysis of turbulent plasma flows.
Building Signal or Building Counts
Building signal or building counts is applicable in experiments with low-signal detectors requiring multi-shot averaging, or in experiments leveraging single-hit particle detectors. Similar to the characterization fluctuation, this approach involves repetition with fixed inputs to build up output statistics.
If stochastic plasma physics dynamics are also involved, this method may also benefit from binning the various trials of the experiment into different categories based on a secondary detector (see the last example below).
Examples of building signal or building counts:
• Building a high-resolution, energy-resolved 2D-spatial-image through a series of single-hit X-ray camera images.
• Utilizing a pixel-based single-hit (≤ one particle per pixel per shot) proton detector as described in Reinhardt et al. [40] .
• Building a multi-shot-averaged X-ray spectrum from a subset of shots where the plasma density at Point A was between 10 and 15.
Search for Rare Events
Searches for rare outcomes of an experiment are possible through repetition. The implementation of this approach is similar to when one wishes to characterize of a stochastic process, but with a different goal and with different conditions for ending the experiment. One may note that this scheme may benefit from the addition of real-time-data-analysis so that the success rate of finding rare events is immediately known to the experimenter.
Example of a search for rare events:
• In prior data, on just a few shots out of five thousand, a super-high-energy X-ray emission was observed. We hadn't fielded an electron spectrometer, but we hypothesize that the X-ray emission was driven by a process that would have been visible in the electron spectrum. For the next experiment, we field an electron spectrometer and we wait to capture another (or several more) super-high-energy X-ray emission(s).
C. Machine-Learning Feedback Loop
An advanced application of high-repetition-rate facilities is to yield control of input parameters to machinelearning computer programs. These programs could adjust themselves on-the-fly based on real-time experimental outputs, or they could be pre-trained from prior datasets. The feedback loop is closed in the sense that the outputs feed into the inputs.
Example of a machine-learning feedback loop:
• Genetic algorithm used to collimate a laserproduced electron beam via control of a deformable mirror in the laser chain (cf. He et al. [49] )
V. DATA ANALYSIS & STORAGE
A single-shot HEDP experiment on a low-repetition rate facility may produce hundreds of gigabytes of raw data [50] , while at even modest repetition rates of 1/min., a HRR experiment may collect > 3000 shots in a single experiment day. Even assuming a more modest data rate of 1 GB per shot, such a facility would produce >3 terabytes of data per day. In order to provide real-time feedback to inform experimental decisions, this data must be processed by automated analysis routines and made available to experimenters on the same time scale as the repetition rate. Archiving and transporting such large volumes of data may be prohibitive, necessitating some form of automated data reduction.
It is therefore inescapable that the development of successful HRR HEDP experimental platforms will require the creation of automated analysis software, the adoption of space and memory efficient data formats, and dedicated computing resources (on the scale of a small cluster). These problems have already been solved by other large-scale experimental physics platforms such as the Large Hadron Collider [51] , and best practices have been established [52, 53] .
A. Automated Data Processing for Real-Time Feedback
Real-time data analysis (e.g. automatically retrieving velocity from a VISAR image, phase reconstruction from an interferometry image) is required to provide feedback during an experiment in order to verify the quality of data being collected and plan for subsequent shots. The volume of data collected at HRR makes in-depth, human-guided analysis of each experimental output and shot impractical. Consequently, it is necessary to develop automated data analysis tools which do not require user input. Large-scale experimental physics platforms, including the National Ignition Facility [50] , have already implemented some level of automated analysis.
In cases where fully automated analysis is not practical, it is worth noting that shot-by-shot analysis can be fully-automated without full automation of hour-by-hour setup. For example, the wavelength parameter of an otherwise automated interferometer image processing program could be changed manually every thousands shots.
B. Data Format
Data should be stored in a modern hierarchical format such as HDF5 [54] . These data formats offer several features that are useful for handling the large (>100 GB) data files that will be produced by HRR experiments and that support chunking, lossless compression, and parallel access. Chunked datasets allow efficient access to parts of a dataset whose entirety exceeds the available system access memory, allowing large datasets to be analyzed on personal computers. Lossless compression algorithms can dramatically reduce file sizes at the cost of extra processing time when reading and writing data. Parallel access allows files residing on a central server to be read simultaneously by multiple users, enabling multiple analysis routines to be run in parallel.
VI. ENVIRONMENT
Depending on the experiment, the radiation created by an HRR experiment over the course of a day may require special safety precautions. A discussion of radiation safety considerations in HRR experiments is found in Gizzi2010 [55] .
VII. CONCLUSION
Experiments designed to take advantage of a shot rate of 1/min. to 1 Hz have the opportunity to expand High Energy Density Physics into a computationally-intensive and rich landscape of real-time feedback and "big data" statistical analysis. Successful science on novel highrepetition-rate laser facilities will require consideration and development of new targets, detectors, experimental approaches, and data analysis. In this paper, we provided an introduction to experimental techniques and considerations we have found useful in each of those categories. Future work will require drawing on expertise both inside and outside of our field to refine and implement these techniques in scientific experiments, as well as identifying and refining specific scientific goals that may be uniquely achieved with these approaches that are relatively novel within our field.
